Abstract.Parkinson's disease (PD) is currently clinically defined by a set of cardinal motor features centred on the presence of bradykinesia and at least one additional motor symptom out of tremor, rigidity or postural instability. However, converging evidence from clinical, neuropathological, and imaging research suggests initiation of PD-specific pathology prior to appearance of these classical motor signs. This latent phase of neurodegeneration in PD is of particular relevance in relation to the development of disease-modifying or neuroprotective therapies which would require intervention at the earliest stages of disease. A key challenge in PD research, therefore, is to identify and validate markers for the preclinical and prodromal stages of the illness. Currently, several nonmotor symptoms have been associated with an increased risk to develop PD in otherwise healthy individuals and ongoing research is aimed at validating a variety of candidate PD biomarkers based on imaging, genetic, proteomic, or metabolomic signatures, supplemented by work on tissue markers accessible to minimally invasive biopsies. In fact, the recently defined MDS research criteria for prodromal PD have included combinations of risk and prodromal markers allowing to define target populations of future disease modification trials.
INTRODUCTION
Currently, the diagnosis of Parkinson's disease (PD) is anchored on clinical criteria, which require the presence of bradykinesia and at least one further motor symptom out of tremor, rigidity or postural instability [1] and pathological studies have shown a strong correlation between the extent of Lewy Body related cell loss in the Substantia Nigra (SN) and the severity of bradykinesia [2] . However, this clinico-pathological concept of PD is challenged by several lines of evidence: Firstly, it has been noted for more than 20 years that nigral cell loss and striatal dopamine depletion progress to an approximate threshold of at least 40% before the first appearance of clinically defining motor signs [2, 3] . Secondly, Braak and colleagues have proposed a staging scheme of PD pathology with initiation of ␣-synuclein pathology in the caudal brainstem and the olfactory bulb and subsequent spread to the midbrain and eventually the limbic and neocortex [4] . This hypothesis has been extended by multiple studies suggesting early involvement of the peripheral autonomic nervous system in PD [5, 6] . Thirdly, the hypothesis of extra-nigral or even peripheral onset of disease seems to converge with clinical studies showing that PD patients may experience a variety of nonmotor symptoms before the first appearance of classical motor signs [7] [8] [9] . Indeed, hyposmia, constipation, depression and idiopathic REM Sleep Behaviour Disorder (RBD) have been shown to go along with a significantly increased risk to develop PD in otherwise healthy subjects in population-based or other cohort studies [10] [11] [12] [13] [14] [15] [16] [17] . Taken together, these findings clearly Criteria yet to be defined based on clinical motor and nonmotor markers and nonclinical biomarkers. Two levels of certainty have been proposed [19] : Probable prodromal PD (high likelihood, e.g., >80%; sufficiently certain for neuroprotective trials) and possible prodromal PD (lower, but still substantial likelihood, e.g., 30%-80%) Phase 3 -motor Classical motor manifestations are present
Nigral PD pathology (>40-60% cell loss; Braak stages 3 to 6)
Current clinical diagnostic criteria based on motor syndrome are met; ± a variety on nonmotor symptoms may be present due to the extension of PD pathology
Modified from Stern et al. 2012 [18] .
speak to the existence of a stage of PD where affected subjects may be asymptomatic ('preclinical PD') or where they may present with a variety of nonmotor symptoms and/or subtle motor signs that do not meet current diagnostic criteria ('prodromal PD') [18, 19] ( Table 1) . Taken by themselves, however, these prodromal features lack specificity and -with the possible exception of RBD -have poor predictive value for PD. The challenge is, therefore, to characterise and validate markers that would enhance specificity and positive predictivity for currently prediagnostic stages of the illness. Here we review the current evidence for potential markers of preclinical or prodromal PD including clinical motor and nonmotor symptoms, neuroimaging measures, genetic susceptibility factors as well as molecular and biopsy biomarkers.
PREDIAGNOSTIC NIGROSTRIATAL DYSFUNCTION IN PD

Neuropathological evidence
Neuronal loss in the SN pars compacta (SNc) associated with Lewy Body pathology is the pathologic hallmark feature of sporadic PD [20] . The extent of nigrostriatal dopaminergic denervation has been shown to correlate with severity of classical motor features of PD, in particular bradykinesia and rigidity [2, 21] . Different from age-related physiological cell loss in the SNc estimated to be in the order of 4 to 5% per decade, attrition of SNc dopaminergic neurons in PD seems to follow an exponential curve with an estimated 45% loss in the first decade of disease [3] . Pathological studies have shown 40-60 % threshold of cell loss in the SNc and 60-70 % striatal dopaminergic depletion before the appearance of motor symptoms meeting current PD criteria and extrapolation of the curves suggested a prediagnostic phase of progressive nigral cell loss of 5 years [2, 3] . Interestingly, incidental Lewy bodies are found in brainstem nuclei in more than 10% of individuals free of PD above age 60 and several lines of evidence argue that they may indicate preclinical stages of PD pathology rather than a by-product of neuronal aging [22, 23] . Clinicopathological studies found reduced nigral cell counts to be associated with increasing signs of subtle motor impairment also in subjects without PD [22, 23] . Individuals with incidental Lewy bodies in the SN and locus coeruleus were found to have loss of neurons in these nuclei as well as loss of tyrosine hydroxylase-positive fibres both in the striatum and epicardial fat which was intermediate between PD and normal controls [24] . Incidental Lewy bodies are also associated with nonmotor signs typically found in PD such as hyposmia [25] or constipation [26] , again arguing that their presence may represent a presymptomatic phase of PD.
Nigrostriatal dysfunction in PET/SPECT
Nigrostriatal dopaminergic denervation can be shown using radiotracers that label presynaptic dopaminergic markers such as the striatal dopamine transporters (DAT) as routinely achieved with singlephoton emission computed tomography (SPECT) or decarboxylase activity with 18 F-Dopa positron emission tomography (PET). DAT imaging is closely correlated with post mortem SN cell counts [27] as well as severity and duration of disease [28] and has therefore been considered not only as a surrogate marker for disease progression, but also as a risk marker for PD [29] . Also, 18 F-Dopa PET studies in PD patients have shown faster rates of tracer-uptake decline in earlier versus later disease stages and, in accordance with the pathological post-mortem studies, extrapolation of these exponential curves have led to estimates of prediagnostic PD of approximately 6 years [30] [31] [32] .
Subtle motor impairment and risk for PD
It has been argued that compensatory mechanisms may effectively counteract nigrostriatal dysfunction at the onset of cellular dysfunction and decline of striatal dopamine, thus delaying the appearance of overt parkinsonism for many years [33, 34] . Although slight motor abnormalities such as reduced arm swing, changes in walking patterns, stiffness, tremor, or bradykinesia may precede clinical PD, such signs, captured by routine clinical assessment for parkinsonism [35] , often referred to as subtle motor impairment or mild parkinsonian signs, may be found in as many as 40% of the elderly population [36, 37] . In several studies mild parkinsonian signs have been associated with both other PD risk markers as well as with an increased risk for incident PD itself [16, 37] . These signs, however, are quite unspecific in the general population. This may be different when motor tests are applied to enriched cohorts with an apriori increased risk for PD. Prospective studies in subjects with idiopathic RBD have shown that in those who converted to clinically defined PD, impaired motor performance was detected 6-9 years before diagnosis using the Purdue Pegboard, alternate-t p and timed up-and-go test [38] . Similarly, a more recent study by the same group following 89 idiopathic RBD patients over ten years found a 3.9 fold risk to develop PD, dementia with Lewy-bodies (DLB) or multiple system atrophy (MSA) in those with subtle motor impairment at baseline [14] . Using accelerometry-based evaluation of gait and stance, two cross-sectional studies found altered gait variability [39] , trunk acceleration and smoothness of sway [40] under challenging conditions in otherwise asymptomatic LRRK2 mutation carriers and subjects with hyperechogenicity of the SN. Noyce and colleagues used an algorithm based on an online survey to categorise participants according to their putative PD risk [41] in the definition of their prospective PREDICT-PD study cohort [42] . In a cross-sectional baseline analysis, the 100 highest-risk participants had significantly reduced tapping speed in a novel computer keyboard-tapping task versus the 100 lowest-risk participants [42] . Quantifiable motor tests may therefore eventually become useful as a screening element to select at-risk subjects for further secondary screens with more specific tests like DAT imaging.
EARLY NONMOTOR SYMPTOMS AND THE CONCEPT OF PREMOTOR PD
It is now well recognized that nonmotor symptoms are an integral part of the clinical spectrum of the disease [43] [44] [45] [46] and may even antedate the clinical manifestation of cardinal motor features of PD by several years in a substantial proportion of patients [7] [8] [9] 47] (Table 2 ). Considering Braak's hypothesis that PD pathology first starts in extranigral sites, particularly the olfactory system, lower brainstem and peripheral autonomic nervous system [4, 5, 48] , it is intriguing to note that recent clinical studies have found certain nonmotor symptoms such as constipation, dream enacting behaviour, and smell-loss preceding the onset of first motor complaints into time periods that are longer before motor onset as compared to other nonmotor complaints [7, 9] .
Hyposmia
Olfactory detection, identification or discrimination deficits have consistently been found in approximately 80% of patients with PD [56, 57] . Although many patients retrospectively report smell loss prior to noting the first motor problems [7, 9] , to date there are only two population based studies that have investigated prospective risk for PD in relation to baseline smell function [16, 17] . In the Honolulu-Asia Aging study (HAAS), a large cohort of more than 2000 men of Japanese ancestry was prospectively followed for PD incidence with respect to baseline olfactory performance using the Brief Smell Identification Test (B-SIT) [17] . After adjustment for age and other potential confounders, the odds ratio for incident PD within four years in those with the lowest quartile of B-SIT scores at baseline was 5.2 and 3.1 in the second lowest quartile as compared with the top two quartiles. However, hyposmia was not associated with PD risk beyond four years. Intriguingly, a clinicopathologic study in a subsample from the HAAS, found an association of olfactory dysfunction with incidental Lewy Table 2 Nonmotor symptoms in prodromal PD more than one prospective population-based or cohort study, + = evidence from one prospective population-based or cohort study or more than one retrospective population-based or cohort study, +/-= no evidence from population based or cohort studies, but respective nonmotor symptom is frequently seen in early PD [43] [44] [45] .
bodies in the SN [25] . Likewise, the PRIPS study, a large population-based cohort study on risk factors for incident PD (see imaging biomarkers), found a relative risk ratio of 6.5 in hyposmic participants over 3 years [16] . More recently, several studies have addressed the potential of hyposmia as a risk marker for PD in subjects with increased apriori risk for PD. For example, two recent prospective cohort studies of idiopathic RBD patients found that baseline olfactory dysfunction predicted incident Lewy body disorders over 5 and more years of follow-up [14, 58] .
REM-sleep behavior disorder (RBD)
RBD is a parasomnia clinically characterized by dream-enacting behaviours related to loss of physiological atonia during REM-sleep [59] . The prevalence of idiopathic RBD in the population is not well defined as definite diagnosis requires polysomnography. A commonly cited figure of 0.4%, however, may well be an underestimate [60] . Indeed, when using two validatedscreeningquestionnairesinanelderlypopulationbased sample of 476 subjects, we recently found a prevalence of probable RBD of 5-8% in a Caucasian population aged >60 years [61] . In this particular cross sectional study, probable RBD was associated with multiple other nonmotor markers of PD, while polysomnography was not available. Idiopathic RBD is increasingly recognized as a harbinger of neurodegenerative diseases, including not only PD but also other synucleinopathies like DLB or MSA. Several follow-up studies have found that the majority of subjects with idiopathic RBD (>80%) will convert into one of these disorders -most commonly PD or DLB -with extended follow-up over decades [15, 54, 62] . Two recent prospective cohort studies have further substantiated these observations. Postuma and colleagues collected follow-up data in a multicentre sample of 305 patients with idiopathic RBD over up to 6 years and found an overall conversion to neurodegenerative diseases of 33% [63] , which was time-dependent at 15% after 2 years, 25% after 3 years, and 41% after 5 years. Conversion to PD or DLB was common (42% and 50%, respectively), while only 8% converted to MSA. Idiopathic RBD patient who converted over the observational period were older, more likely to report a family history of dementia, and more frequently endorsed autonomic and/or motor symptoms on questionnaires compared to those who remained disease free, whereas many baseline characteristics including caffeine and nicotine exposure were not different between these groups [63] . With the aid of thorough testing batteries, conversion from RBD to PD or PD Dementia/DLB appears to be more predictable. One recent prospective study in 89 idiopathic RBD patients found that smell identification loss (hazard ratio (HR) 2.8), abnormal colour vision (HR, 3.1), and subtle motor impairment (HR, 3.9), as well as advanced age (HR, 1.1) and nonuse of anti-depressants (HR, 3.5) was associated with conversion to one of these synucleinopathies (including MSA) over the 7.5 year observational period.
Taken together, current evidence shows that RBD is the most specific among the different risk factors for PD (see Table 2 ) and RBD cohorts seem obvious candidates for future disease-prevention studies for PD. However, the median latency to conversion into clinically defined PD can be as long as 12 to 14 years [15, 54] , seriously limiting the feasibility of such trials. Therefore, we recently investigated whether olfactory impairment can predict early conversion to PD or PDD/DLB among 35 idiopathic RBD patients prospectively followed over 5 years [58] . Indeed, abnormal baseline performance on the multidimensional Sniffin Sticks test assessing odour identification, odour discrimination, and olfactory threshold predicted conversion to a Lewy body disorder with an accuracy of 82.4%, and this was also true for poor performance on the identification subscore only. Based on the findings from this cohort, sample sizes for a hypothetical neuroprotection trial in RBD with conversion to a Lewy body disorders as an endpoint could be reduced by 74-80% for a 5-year trial if idiopathic RBD patients were pretested for baseline olfactory dysfunction. For example, a total of 760 patients with idiopathic RBD versus 188 patients with idiopathic RBD and olfactory dysfunction would be required to have an 80% chance to detect a 30% decrease in the primary outcome measure of conversion to a Lewy body disease [58] . Similar data were also reported by Postuma et al. who found that by excluding idiopathic RBD subjects <55 years of age or using antidepressants reduced estimated sample sizes for 3-year neuroprotection trials with the same outcome measure by ≥25% when further pretesting for olfactory dysfunction, impaired colour vision, or subtle motor impairment and by ≥40% when using combinations of these markers [14] .
Constipation
Constipation is common in PD affecting 28-61% of patients [46] . In the Honolulu-Asia Aging study men with bowel movement frequencies of less than once per day had a relative risk for incident PD of at least 2.7 compared to men with more frequent bowel function [10] . The brains of 245 subjects from this cohort were available for post-mortem examination and -consistent with the above finding -there was a significant association of constipation in life with the prevalence of incidental Lewy Bodies in the SN at post-mortem: 24.1% of those who had reported less than 1 bowel movement per day had this pathologic feature as compared to 6.5% of those with bowel movement frequencies of greater than 1 per day [65] . Interestingly, several studies have recently reported on findings of synuclein-immunostaining in the enteric nervous system of PD subjects using colonic biopsies providing a possible link between colonic dysmotility and synuclein-related neurodegeneration in PD [65, 66] . However, specificity for PD seems to be rather low (see below under tissue biomarkers).
Intriguing as these associations are, none of the nonmotor symptoms discussed above in themselves have sufficient specificity to qualify for screening for PD risk in the population. While sensitivity for future PD can be as high as 80% for features like hyposmia or constipation, their specificity is low [47] . Although specificity and predictive value of idiopathic RBD for PD risk are much higher, sensitivity is quite low. In addition, for low prevalence disorders like PD, by definition positive predictive values of any of the features discussed are small and would only be in the order of 50% even for markers of 99% specificity [67] . Therefore, future screening tools to narrow down atrisk populations for PD will likely require the use of multiple markers potentially including imaging and molecular biomarkers.
BIOMARKERS FOR PD
A biomarker is a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention [68] . Several candidate PD biomarkers have emerged over the years and some are already established as useful diagnostic markers, particularly those related to neuroimaging. There is also exciting progress in the field of genetic and other molecular markers and recently also of tissue markers that can be accessed through biopsies.
Imaging biomarkers
Radiotracer imaging
Among various imaging techniques, radiotracerbased functional imaging currently offers the highest degree of accuracy in the diagnostic work-up of patients with early PD [29] . Decreased nigrostriatal dopaminergic function is associated with nonmotor symptoms known to precede PD. In a prospective study of first-degree relatives of PD patients, individuals with an olfactory dysfunction showed a faster decline of DAT binding compared to individuals with normal olfactory function [69] . Moreover, 10% of hyposmic individuals, who also had abnormal DAT binding at baseline, developed PD at 2 years and this figure rose to 12.5% at 5 years of follow-up [49] . Another recent prospective study showed that idiopathic RBD patients exhibited decreased DAT binding and faster rates of DAT-binding decline compared to healthy controls [70] . After 3 years of follow-up, 15% of RBD patients, who also had the lowest DAT binding at baseline, had developed PD. As DAT imaging is invasive, time consuming, and expensive, it would not lend itself for primary screening purposes but rather as a secondary screen in enriched populations, such as those with nonmotor symptoms. A recent report on sequential biomarker assessment of population-based hyposmia screening in a first and DAT imaging in a second step -the Parkinson At-Risk Syndrome (PARS) studyreported decreased radiotracer binding using DAT-SPECT to be present in 11% of hyposmic compared with 1% of normosmic participants [71] . Also male sex and constipation were predictive for a DAT-deficit such that combining these three factors increased the percentage of subjects with a DAT deficit to 40% [71] . In contrast to DAT imaging assessing nigrostriatal function, which is an established imaging method in neurodegenerative parkinsonism, direct visualisation of the neuropathologic process i.e. ␣-synuclein deposition and related neurodegeneration is not yet possible. In analogy to the Pittsburgh compound-B, an in vivo A␤ ligand labeling amyloid depositions in Alzheimer's dementia, PET radiotracers specific for ␣-synuclein are beeing developed [72] . Longitudinal imaging of ␣-synuclein could particularly be relevant in the context of clinical neuroprotection-trials and serve as a surrogat outcome.
Magnetic resonance imaging
There is limited information as to the potential of magnetic resonance imaging (MRI) to detect brain changes associated with PD risk or prodromal PD. Two studies in patients with idiopathic RBD found alterations in diffusivity measures in the tegmentum of the midbrain and the pontine reticular formation, regions involved in the generation of REM sleep [73, 74] . In a functional MRI study, asymptomatic subjects with a heterozygous Parkin and PINK1 mutation exhibited additional recruitment of supplementary motor areas as an expression of compensatory mechanisms [34] . In early PD significant alterations in various MRI diffusivity measures in the SN [75, 76] , olfactory tract [75, 77] and cortex [78] were found compared with healthy controls at a field strength of 1.5 T and at a higher field strength of 3.0 T. Two studies reported a complete separation of early PD patients from controls using fractional anisotropy values in the caudal SN at 3.0 T [76] and in the olfactory tract at 1.5 T [75] .
Using T2 * -weighted 7T MRI, a recent study described a hyperintense ovoid area within the dorsolateral border of the otherwise hypointense SN pars compacta consistent with nigrosome 1 in healthy controls [79] . The absence of this feature was highly sensitive and specific for PD. Intriguingly, the presence of this feature assessed with susceptibility weighted imaging (SWI) at 3T distinguished PD patients from healthy controls in another dataset of the same group [80] as well as in our own large cohort of patients with neurodegenerative parkinsonism [81] , with a sensitivity and specificity of >90%, respectively (Fig. 1) . In the latter study also all included patients with MSA and PSP exhibited this imaging feature (i.e. sensitivity of 100%), indicating that visual assessment of dorsolateral nigral hyperintensity on high-field SWI scans may serve as a new simple diagnostic imaging marker for neurodegenerative parkinsonian disorders [81] . Future studies will have to elucidate whether these or other changes in MRI measures can be visualized in subjects exhibiting other PD risk markers and serve as biomarkers for the premotor stage of the illness.
Transcranial sonography
Over the past 2 decades, there has been considerable interest in the use of transcranial sonography (TCS) in PD-a method which is less expensive, time consuming and more widely available compared to radiotracer or MR imaging [82] . An enlarged echogenic area at the anatomical site of the SN in the mesencephalic scanningplane,termedSN-hyperechogenicity,hasconsistently been found in at least 82% of PD cases but only in up to 23% of healthy controls [82, 83] (Fig. 1) . In PD patients, the SN-echogenic sign is neither related to disease severity nor does it change over time [82, 84] and its longitudinal stability has also been reported in healty controls [85] and idiopathic RBD patients [86] . Although the pathophysiologic underpinnings of this echo feature are not entirely clear, histopathological studies have shown a relation of SNechogenicity with an increased SN iron and ferritin content [87] as well as with decreased neuromelanin and microglial activation in the SN in healthy subjects [88] . Functional imaging studies demonstrated its association with a decreased 18 F-Dopa uptake in healthy controls and SN-hyperechogenicity may therefore represent a surrogate marker of an increased vulnerability of the nigrostriatal dopaminergic system [87, 89, 90] . Whether SN-hyperechogenicity is suitable as a preclinical risk marker for PD in healthy elderly populations has recently been investigated in the PRIPS (Prospective validation of risk markers for the development of parkinsonian syndromes) study, a large population-based cohort study with promising results. Data from the 3-and 5-year follow-up investigations revealed a 17-and 21-fold increased risk of developing clinically defined PD in subjects exhibiting SN-hyperechogenicity compared to those without this echo-signal [16, 91, 92] . Interestingly, in a subset of this cohort, SN-hyperechogenity has even been shown to increasetheriskforincidentmildparkisoniansignsover 5 years by about 2-fold, which increased to a 3-fold risk when combined with hyposmia [93] .
By combining the imaging modalities 18 F-Dopa PET, MRI, and TCS, one study found that putaminal 18 F-Dopa uptake and T2 relaxation times of the SN in control subjects with SN-hyperechogenicity were between the values of PD patients and controls without SN-hyperechogenicity [90] . A recent study assessed a set of biomarkers including SN-echognicity in symptomatic and asymptomatic LRRK2 G2019S mutation carriers as well as in patients with sporadic PD and healthy controls [94] . SN-hyperechogenicity was observed not only in approximately 95% of sporadic and genetic PD cases but also in 85% of asymptomatic LRRK2 G2019S mutation carriers as compared to 15% of healthy controls [94] , further substantiating the concept of SN-hyperechogenicity as vulnerability marker of the nigrostriatal dopaminergic system.
Genetic biomarkers
The diagnosis of idiopathic PD has become more complex thought the discovery of Mendelian genes which cause monogenic forms of the disease such as autosomal dominant mutations in the SNCA, LRRK2 or VPS35 genes and autosomal recessive Parkin or PINK1 mutations. Taken together these account for a small percentage of PD cases seen in clinical practice, but asymptomatic carriers of dominant PD mutations like LRRK2 are obvious candidates when trying to study the preclinical phase of PD. In addition, several other genes have been identified which contribute to an increased risk for the sporadic form of the disease [95] . Derived from careful clinical observations of parkinsonism in patients with Gaucher's disease and their relatives, heterozygous mutation in the glucocerebrosidase (GBA) gene has been found to associate with PD risk with an odds ratio of 5.4 [96] . Penetrance of this mutation seems to be high [97] and the prevalence of GBA mutations in PD populations has been between 3 and 20% in different studies, with the highest rates found in PD patients of Ashkenazi Jewish ancestry [96] [97] [98] [99] . Importantly, pathogenic GBA variants are found in 1-3% of the population [96] and are associated with deterioration in clinical markers of PD consistent with prodromal PD [99] . A more recent discovery is the association of mutations in the GTP cyclohydrolase 1 gene, representing the most common cause of DOPA-responsive dystonia, with sporadic PD with an odds ratio of 7.5 [100] . Pathogenic variants of this gene, however, seem to be rather rare in the population. Many more common low-risk susceptibility variants in other loci have only recently been identified and confirmed in large meta-analysis of datasets from genome-wide association studies (GWAS) in PD (Table 3) . Although the effects of single genetic susceptibility factors seem to be small with odds ratios for each locus ranging from 0.7 to 1.8, risk profile analysis showed substantial cumulative risk in a comparison of the highest and lowest quintiles of genetic risk with odds ratio of 2.5 (95%CI 2.2-2.8) in one [101] and 3.3 (95%CI 2.6-4.3) in a more recent study [102] ( Table 3 ). Many of the reported genes such as SNCA and LRRK2 are also known to encode for key-player proteins in PD pathogenesis [95] . A dedicated online database has recently been created, where results of all published genetic association studies in PD and metaanalysis are freely available (http://www.pdgene.org) [103] . In addition, a polygenic risk score, consisting of small effect allels, has recently been identified in a discovery GWAS dataset and replicated in 3 independent GWAS datasets [104] . The average polygenic score in patients with an early disease age at onset was significantly higher than in those with a late age at onset [104] , substantiating the hypothesis that accumulation of common polygenic alleles with relatively low effect sizes may considerably enhance overall PD risk and anticipate disease onset.
However, the true value of genetic risk scores (GRS) in the prediction of incident 'sporadic' PD is currently unknown. A recent study combined a GRS from 30 genetic risk factors with other PD markers using stepwise logistic regression analysis to identify PD cases in the Parkinson Progression Marker Initiative (PPMI) cohort as a training dataset [105] . The final model included GRS, olfactory function, family history of PD, age, and sex and was associated with an excellent separation of PD cases from controls in 5 independent validation cohorts (AUCs >0.92) [105] . When looking at the single markers however, olfactory assessment was most responsible for the explained variance (63%), followed by the GRS (14%), family history (11%), sex (6%), and age (6%) underlining the importance of olfactory testing for clinical and research purposes. Future prospective studies will have to assess the true value of this or similar models for the identification of prodromal PD.
Molecular biomarkers
In addition to the recent genomic discoveries, proteomic markers mostly assessed in the cerebrospinal fluid (CSF) are also subject of great research interest [107] . Alpha-synuclein-related parameters were investigated in CSF of PD patients and control populations, in some studies also in combination with DJ1 (Table 4) . Results have been inconsistent, which may be due to various confounders, different methodologies used for specimen collection and analysis and due to a lack of standardized operating procedures [108] . The latter will change with prospective multicentre studies such as PPMI, where 400 newly diagnosed PD patients and 200 healthy controls are undergoing regular CSF and imaging marker assessments in an attempt to identify diagnostic and progression biomarkers [109] , as well as premotor and genetic markers in recently added substudies. First results in a cross sectional analysis of a subset of the cohort showed lower levels of A␤1-42, T-tau, P-tau181, ␣-synuclein, and T-tau/A␤ 1-42 early drug naive PD patients compared with healthy controls with a marked overlap between groups [110] . Also, recent meta-analyses of total a-synuclein in the CSF have found decreased levels compared to healthy controls with, however, substantial overlap resulting in a suboptimal diagnostic accuracy with a good sensitivity of 88% but a poor specificity of 40% for PD [111, 112] . Evaluation of a-synuclein and DJ1 in the plasma has produced conflicting results and may be futile as erythrocytes are the greatest source of these proteins in the blood and the slightest degree of hemolysis considerably influences measurements [113] . Other proteins in the peripheral biofluids have been investigated: Using an unbiased proteomic screening approach, a recent study found 11 plasma proteins to be associated with age at PD onset [114] . Among those, low levels of apolipoprotein A1 (ApoA1), the main component of high density lipoproteins (HDL), correlated with earlier PD onset also in a replication cohort and were furthermore associated with greater putaminal DAT deficit among hyposmic subjects at risk for PD in the PARS cohort [114] . These results have been replicated by the same authors in other cohorts including a subset of the PPMI study, where the same direct association with age at disease onset has been found for HDL levels [115] . ApoA1/HDL would represent a particularly interesting PD risk marker, as it is potentially modifiable by drugs like statins. The latter study did, however, not adjust for cofounders of ApoA1/HDL levels such as statin use [115] . Moreover, studies on the influence of statins on PD risk have been conflicting with some showing a decreased risk [116] and others an increased risk for the disease among statin users [117] , the latter being in line with evidence of high total cholesterol and/or low density lipoprotein as a protective factor against PD [118, 119] . Therefore, more experimental and longitudinal clinical and population-based studies, thoroughly adjusting for multiple confounders, are warranted before ApoA1/HDL elevating drugs may be tested in prospective clinical neuroprotection trials.
Although there are other recent promising advances in molecular biomarker research including the measurement of microRNAs in blood of PD and RBD patients significantly differing from healthy controls [120, 121] , there is currently no molecular marker or combination of markers that could reliably show increased risk to develop PD. However, in Alzheimer's disease, which has a pioneering role in neurodegenerative disease research, such biomarkers have been developed and incorporated in diagnostic guidelines [122] . Given the rapidly advancing biochemical technologies, it is strongly hoped that a premotor biochemical biomarkers can be discovered in PD-risk populations [123] .
Tissue biomarkers
The exact clinocopathological correlations underlying the various NMS in PD or pre-PD are still poorly defined. Orthostatic hypotension and constipation may well be mediated by cardio-sympathetic and vasomotor denervation as well as pathology in the enteric nervous system, respectively. Indeed, recent studies have provided consistent evidence for synuclein-related pathology in the peripheral autonomic nervous system using skin punch biopsies, biopsies of the salivary glands as well as colonic biopsies [131] [132] [133] [134] [135] [136] . Biopsy studies of synuclein immunostaing in colonic mucosa and submucosa in PD have produced inconsistent results with some authors reporting differences in the percentage of immunopositive samples in PD versus controls [66, 137, 138] and others finding no difference in the prevalence [124, 125] of synuclein-immunostaining of the enteric nervous system [139] . Differences between studies might be related to differences in tissue preparation, staining techniques and antibodies used [136] . For example a recent study only found possible differences between PD and controls when using antibodies against phosphorylated ␣-synuclein [140] , but this has again not been the case in another report [139] . In addition, synuclein immunopositivity may depend on the site of specimen collection with higher densities in the rostral as compared to caudal aspects of the gut [136] . A recent study found ␣-synuclein pathology also in the gastric mucosa of PD patients with a sensitivity of 85% and a specificity of 95% [141] . Interestingly, ␣-synuclein pathology was identified in some PD patients, in whom gut biopsies were taken up to 8 years prior to a clinical diagnosis of PD [142, 143] and one study has found positive immunostaining for phosphosynuclein in some individuals with RBD but in none of a group of age-matched controls [140] . The specificity of such findings for preclinical or prodromal PD still needs to be defined as there are studies strongly suggesting that ␣-synuclein is a normal constituent of nerve fibres and ganglionic cells in the enteric nervous system [136, 144] . Two studies have recently reported increased aggregation of phospho-synuclein and fibre loss in autonomic sudomotor and pilomotor fibres in skin punch biopsies in PD patients but not in healthy controls [132, 133] . Another region of potential specimen collection for the detection of peripheral ␣-synuclein may include the salivary glands; although biopsies of minor salivary glands largely lack ␣-synuclein depositis [134, 145] , pre-and postmortem studies using submandibular gland tissue have found phosphorylated ␣-synuclein in most PD cases [134] . While olfactory bulb ␣-synuclein is highly specific and sensitive for Lewy body disorders [146] , a study using peripheral olfactory epithelium failed to detect ␣-synuclein [147] . Out of all ␣-synuclein related biopsy markers, specimen from the gastronintestinal tract and the salivary glands appear to be the most promising candidate tissue for detection of PD specific pathology [136] . Related to the findings of PD specific pathology in the gut, it seems important to mention that an altered gut microbiom has recently been identified by two studies in PD patients as compared to controls [148, 149] . A proinflammatory effect of the altered microbiosis has been suggested to trigger enteric synuclein-aggregation and subsequent spread of PD pathology [149, 150] . Further studies will have to look into potential relations and pathophysiological relevance of the microbiome in PD as well as its role for PD risk prediction.
OUTLOOK
There is now converging and compelling evidence for the existence of a latent phase of PD where disease specific molecular events of intracellular ␣-synuclein misfolding, oligomer and fibril formation are initiated to eventually cause neuronal dysfunction and cell death. For unknown periods of time this process may remain clinically asymptomatic ('Preclinical PD') or may cause motor or nonmotor symptoms that are in themselves unspecific and do not meet current diagnostic criteria for PD ('Prodromal ' PD). Recent experimental data strongly suggest that the evolution and clinical progression of PD may be largely driven by cell-to-cell propagation of pathogenic ␣-synuclein species in the central and also peripheral autonomic nervous system in a prion-like fashion [151, 152] . Therapeutic interventions should therefore ideally target the triggering pathogenic events as early as possible to achieve not only slowing of disease progression but also forestalling of disease onset. This makes early diagnosis a key priority and creates an urgent need for valid PD biomarkers with predictive validity for PD diagnosis. Until now several nonmotor clinical features have been shown to associate with PD risk and the combined occurrence of RBD and hyposmia in otherwise asymptomatic subjects has been shown to associate with the development of clinically defined PD or other Lewy body disorders in a substantial proportion over a relatively short time. While this makes RBD patients a realistic target population for future disease prevention studies of PD, it falls short of defining PD risk at the population level. Combinations of demographic, clinical, genetic and imaging markers have now been tested in large PD samples and also at the population level with promising results regarding diagnostic accuracy as well as definitions of PD risk. Searching for synuclein deposition in nervous tissue that can be obtained with minimal invasive procedures like colonoscopy or skin punch biopsies has so far yielded inconsistent results, but, if further refined, may open up another window into detecting preclinical PD pathology.
Taken together, current evidence strongly supports a paradigm shift in the diagnosis of PD with a new focus on defining prodromal stages of the disease. In fact, a task force of the International Parkinson and Movement Disorder Society (MDS) has very recently developed research criteria for the definition of prodromal PD by combining various risk and prodromal markers [153] with the ultimate goal of designing clinical trials to test interventions for disease prevention in at-risk individuals.
CONFLICT OF INTEREST
The authors report no conflict of interest related to this manuscript.
